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Stress, shredders and streams: using Gammarus energetics 
to assess water quality 
L. MALTBY 
Department of Animal and Plant Sciences, University of Sheffield, Western Bank, 
PO Box 601, Sheffield S10 2UQ, UK 
This paper reviews the effectiveness of Gammarus scope for growth (SfG) as an indicator of 
water quality. In addition, the link between physiological changes and effects at higher levels 
of biological organisation is addressed. 
Exposure to a range of toxicants resulted in decreases in Gammarus SfG which were 
qualitatively and quantitatively correlated with subsequent reductions in growth and 
reproduction. Reductions in SfG were due principally to a decrease in energy intake (i.e. 
feeding rate) rather than an increase in energy expenditure. Gammarus pulex is an important 
shredder in many stream communities and stressed-induced reductions in its feeding activity 
were correlated with reductions in the processing of leaf litter by a semi-natural stream 
community. Hence, changes in the physiological energetics of Gammarus provide a general 
and sensitive indicator of stress which can be linked to effects at higher levels of biological 
organisation. Under long-term stress and hence prolonged reductions in SfG, animals may 
adapt by modifying their life-history strategies and producing fewer, larger offspring. 
Introduction 
Changes in water quality may affect all levels of biological organisation, from molecules 
through to communities (Fig. 1). There is, therefore, a wide range of response criteria upon 
which stress indicators could be based. However, in reality, stress indicators are usually based 
on either changes in community structure (e.g. Wright et al. in this volume) or, less frequently, 
suborganismic responses, either molecular or physiological (e.g. Widdows 1985; Widdows & 
Donkin 1991; and several contributions in this volume). An advantage of measuring 
community-level effects is that it is usually the status of the community, or individual species 
within it, which forms the focus of concern. However, changes in community structure may 
take many months or even years to become apparent and consequently such measures cannot 
provide rapid indicators of changes in water quality. In contrast, suborganismic responses may 
be manifested within hours or days of exposure and may therefore be useful as early-warning 
indicators (Peakall 1992). 
If we are to understand how changes in water quality result in altered community structure 
or what the implications of changes in the biochemistry or physiology of an organism are for 
the population and community to which it belongs, then we must begin to link effects at 
different levels of biological organisation in a mechanistic way (Maltby & Calow 1989). This 
paper addresses the question of linkage for a stress indicator based on the physiological 
energetics of the freshwater amphipod Gammarus pulex (L.). G. pulex is a common constituent 
of stream communities and is an important prey item for many fish species (Smyly 1957; 
Maitland 1966; Welton 1979). It is a shredder, feeding primarily on detrital material such as 
autumn-shed leaves (Willoughby & Sutcliffe 1976; Welton 1979; Willoughby & Earnshaw 
1982) and consequently plays a key role in the incorporation of terrestrially-fixed organic 
Figure 1. Flow diagram of effects which may be induced by exposure to a pollutant. (After Sheehan 
1984). 
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material into the freshwater food web. Any disruption of this process, either through reduced 
shredder abundance or reduced feeding activity, could have considerable implications for the 
structure and functioning of the systems as a whole (Maltby 1992a). 
The use of physiological energetics as a stress indicator 
Stress indicators based on physiological energetics involve the measurement of energy budgets 
or their components: ingestion, egestion, excretion, respiration and production (Grodzinski et 
al. 1975). Early studies on physiological energetics were performed on fish (e.g. Fry 1947, 
1971; Winberg 1960) and, in 1967, Warren & Davis (1967) suggested that the parameter 
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"scope for growth" (SfG) may be a useful indicator of stress in fish. They defined scope for 
growth as "the difference between the energy of the food an animal consumes and all other 
energy utilizations and losses". It is, therefore, a measure of the energy potentially available for 
production, either somatic or gametic. Scope for growth may be positive - in which case 
energy is available for growth and/or reproduction, negative - indicating that body reserves are 
being utilized to fuel maintenance processes, or zero - implying that energy intake matches 
energy expenditure. 
The rationale for using SfG as an indicator of stress rather than measuring growth or 
reproduction directly is that, whereas it may take weeks to detect changes in growth rates or 
reproductive output, energy budget parameters can be measured in hours or days. In addition, 
as a reduction in SfG may be the result of either a reduction in energy intake or an increase in 
energy expenditure, measuring energy budget components may provide insight into possible 
toxic mechanisms (Bayne et al. 1985). Other benefits of using this technique to assess water 
quality have been discussed by Donkin & Widdows (1986). 
Since the early work on fish, SfG has been used to assess the effects of environmental 
stressors on a range of marine invertebrates, including bivalve molluscs (Bayne & Newell 
1983; Worrell et al. 1983; Martin 1985; MacDonald & Thompson 1986; Foe & Knight 1987), 
gastropod molluscs (Stickle et al. 1984), echinoderms (Shirley & Stickle 1982 a,b), cnidarians 
(Zamer & Shick 1987) and crustaceans (Edwards 1978; Johns & Pechenik 1980; Capuzzo 
1985). However, the most intensely studied organism has been the common mussel, Mytilus 
edulis (Bayne et al. 1985; Willows, in this volume). In contrast, with the exception of 
Gammarus pulex, few studies have been performed on freshwater invertebrates. 
Physiological energetics of Gammarus pulex 
Methods for determining the energy budget of Gammarus pulex have been described by 
Nilsson (1974) and Naylor et al. (1989), and in both cases microbially conditioned alder leaves 
were used as a food source. Leaf material may be conditioned with either an unknown mixture 
of fungal species (Nilsson 1974) or standardized by inoculating with a single, known fungal 
strain (Naylor et al. 1989). Although conditioned alder leaves provide an ecologically relevant 
and nutritional food source, G. pulex will consume a range of other food types, both natural 
(Willoughby & Sutcliffe 1976) and artificial (Taylor et al. 1993). 
Energy budget components are influenced by a range of intrinsic and extrinsic factors 
(Nilsson 1974; Ivleva 1980; Sutcliffe 1984). It is therefore essential to standardize 
experimental conditions and animal quality. The Gammarus bioassay described by Naylor et 
al. (1989) uses large adult male gammarids obtained from a single population. All laboratory 
studies have been conducted at 15°C using a standard food and a defined artificial medium. 
Under these conditions, SfG was reduced by exposure to a range of different toxicants, 
including organic compounds (e.g. chlorinated ethers, 3,4-dichloroaniline, pentachlorophenol), 
heavy metals (e.g. cadmium, chromium, copper, zinc), dissolved gases (e.g. oxygen, ammonia) 
and pH (Naylor et al. 1990; Maltby et al. 1990a; Maltby 1992b; Stuhlbacher & Maltby 1992; 
Tattersfield 1993). In the majority of cases, a reduction in energy intake was observed before 
an increase in energy expenditure (Table 1). The increased sensitivity of energy intake relative 
to energy expenditure has been observed for other species and stressors (Widdows 1985), the 
exception being substances which either inhibit or uncouple oxidative metabolism (e.g. 
pentachlorophenol, alkyltins) (Widdows & Page 1993; Willows, in this volume). 
Stress-induced changes in Gammarus feeding rates were strongly correlated with lethal 
effects (Fig. 2; r2 = 0.83, d.f. = 6, p<0.05) and, on average, feeding rate was approximately 8 
times more sensitive than the LC50 value as a measure of stress (range: 1.5 to 68). 
Figure 2. Logarithmic relationships between LC50 values and critical concentrations (μmol 1-1) for feeding 
rate (i.e. concentration at which feeding rate differed significantly from that of control animals, Cc ) . Each 
data point represents a different stressor (see the text) and the regression line is defined by the equation: 
log10 C c = log LC50- 0.89. 
Because changes in SfG were determined principally by reductions in energy intake, for 
monitoring or screening purposes the assay may be simplified to a measure of feeding rate 
(Maltby 1992b). The feeding rate of G. pulex can be measured in situ by placing animals in 
individual cages with a known amount of food and recording the amount consumed over a set 
period of time (i.e. 6 days). This method has been used successfully to monitor a range of 
discharges, including those from sewage treatment works, fish farms, watercress farms, coal 
mines, quarries, dairy farms and motorways (Maltby et al. 1990b; Crane & Maltby 1991; 
Table 1. Relative sensitivity of energy intake (feeding) and expenditure (respiration) in Gammarus pulex exposed to 
various toxicants. 
Values represent the lowest concentration at which there was a significant difference from control values. 
NSE = no significant effect detected. 
Sources: 1, Maltby 1992b; 2, Maltby et al. 1990a; 3, A. Pedersen, unpublished; 4, Tattersfield 1993; 
5, Stuhlbacher & Maltby 1992; 6, C. Naylor, unpublished; 7, Naylor et al. 1989; 8, L. Maltby, unpublished. 
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Figure 3. Relationship between predicted and observed specific growth rates (% per day) of juvenile 
Gammarus pulex exposed to unionized ammonia. Regression equation: Predicted Gs = 0.83 (Observed 
Gs) + 0.09. 
Roddie et al. 1992; Veerasingham & Crane 1992; Bermingham 1993). Gammarus feeding rate 
has also been shown to be sensitive to acid and ammonia pulses (McCahon et al. 1989, 1991). 
Perturbations in the physiological energetics of Gammarus have therefore been 
demonstrated to provide a general and sensitive stress indicator which can be used in 
laboratory toxicity tests to predict potential impact and deployed in situ to monitor effects in 
natural systems. However, what does a reduction in SfG, or its major component, feeding rate, 
mean to individual gammarids and the communities to which they belong? 
Implications for individuals and communities 
Physiology to organism level 
Implicit in the use of SfG as a stress indicator is the assumption that perturbations translate into 
changes in either growth and/or reproduction and are therefore related, in a rigorous and 
mechanistic way, to effects at higher levels of biological organisation (Calow & Sibly 1990). 
The acquisition and allocation of energy determines developmental rates, growth rates, 
fecundity and survival; all are important components of fitness and determinants of population 
structure and dynamics. Gammarus energy budgets have been successfully used to predict the 
concentrations of pollutants at which growth and reproduction will be impaired as well as the 
magnitude of this impairment. For example, a knowledge of the effect of unionized ammonia 
on the energy budget of juvenile G. pulex was used to predict the effect of this stressor on 
growth rates. The resulting correlation between predicted and observed specific growth rates 
was highly significant (Fig. 3; r2 = 0.92, d.f. = 4, p < 0.001), the regression coefficient not 
differing significantly from unity (t = 1.4, d.f. = 4, p > 0.05). 
Stress-induced reductions in SfG have also been shown to be correlated with reductions in 
reproductive output, both in the form of reduced offspring size and brood viability (Maltby & 
Naylor 1990; Tattersfield 1993). Reproduction is energetically costly and investment in 
reproduction is negatively correlated with future survival and/or reproductive potential (Bell & 
Koufopanou 1986). A female gammarid can produce several broods in a life time (Nilsson 
1977; Welton & Clarke 1980) but must moult between each brood, a process which also 
requires energy (Lynch 1989). A brooding female therefore requires energy for maintenance, 
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Figure 4. The effect of zinc exposure (mg Zn l-1) on mean (+ SE) offspring size (mm length). (After 
Maltby&Naylor l990). 
moulting and egg provisioning. If energy intake is reduced, then stored energy may be utilized 
to either maintain the animal (Nisbet et al. 1989) or to provision offspring (Kooijman 1986). 
Further reductions in energy intake would result in a reduced allocation to reproduction 
resulting in reduced offspring size and/or number. 
The development of eggs in the ovaries of G. pulex takes two instars; oocytes produced in 
one instar are provisioned in the subsequent instar after which they are passed into the brood 
pouch to continue their development (Sutcliffe 1992). The link between stress-induced 
reductions in SfG and resource allocation to reproduction can therefore be investigated 
experimentally by exposing brooding females to concentrations of toxicant known to reduce 
SfG for one brood and then recording the number and size of offspring produced in the 
subsequent brood (i.e the brood that was being provisioned during exposure). Such an 
experiment has been performed using zinc as the stressor; exposure to 0.3 mg Zn 1-1 resulted in 
a significant reduction in both SfG and offspring size (Fig. 4; Maltby & Naylor 1990). There is, 
therefore, evidence of a mechanistic link between reduction in SfG and reduced offspring size. 
However, as a result of the trade-off between offspring size and number, natural selection 
would act to optimize offspring size to that which ensures maximum offspring survival but 
little more (Lloyd 1987). Consequently, the size of offspring produced by unstressed animals 
may be close to the minimum viable size and hence further reductions would greatly reduce 
offspring viability. Under such circumstances, large reductions in energy intake may result in 
missing out some broods, rather than decreasing the size of the offspring (Perrin et al. 1990). 
If energy availability reduces to such an extent that a brooding female does not have enough 
energy to maintain herself and her brood through the instar and moult successfully at the end, 
the brood may be aborted and the offspring ingested (Tattersfield 1993). However, even if a 
female ingests all her offspring, she will not recover the energy expended on that brood and, 
consequently, brood abortion must be a response to short-term unpredictable stress rather than 
an adaptation to long-term or predictable stressors. The way life-history patterns may be 
modified under long-term stress is considered later. 
Physiology to community level 
Indicators of stress based on individual species can only identify direct effects and provide no 
information about indirect effects resulting from interactions between species (e.g. 
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competition, predation, parasitism). However, by concentrating on key organisms and 
processes, it may be possible to design single-species tests that provide real insight into the 
effects of stress and disturbance on ecosystems. For example, detritivores such as G. pulex are 
important to the economy of allochthonous-based systems. Impeding their rate of energy intake 
could reduce the rate at which terrestrially-fixed organic matter is incorporated into the aquatic 
food web, which will have consequences not only for the detritivores themselves and the 
organisms that prey upon them, but for the functioning of the system as a whole (Maltby 
1992a). Accumulations of leaf material are common in stressed flowing-water systems 
(Wallace et al. 1982; Carpenter et al. 1983; Chamier 1987) and stress-induced reductions in 
Gammarus feeding rate have been shown to be correlated with reductions in the processing of 
leaf material by a semi-natural stream community (Fig. 5; Tattersfield 1993). 
In addition to links between Gammarus energetics and community function, results from a 
number of field trials indicated that between-station differences in Gammarus feeding rate 
were correlated with between-station differences in community structure (Fig. 6; r - 0.68, d.f. 
= 9, p < 0.05; Crane & Maltby 1991; Veerasingham & Crane 1992). However, this correlation 
is not the result of a causal relationship between Gammarus energetics and community 
structure; rather, it illustrates the point that this assay may be used to indicate deteriorations in 
water quality which, if they persist, may result in changes in community structure. 
Adaptation to long-term stress 
The consequences of prolonged reductions in energy acquisition and SfG would be reduced 
growth rates, increased developmental times and/or reduced fecundities (Lynch 1989). All 
these effects would reduce individual fitness and influence population structure (Calow & 
Sibly 1990). However, organisms may adapt to long-term stress. There are many examples of 
animals from polluted sites being more resistant to stressors than individuals from unpolluted 
sites (e.g. Bryan 1976; Benson & Birge 1985; Price & Swift 1985). In addition, animals may 
also respond to stress by modifying their life histories (Maltby et al. 1987). Life-history theory 
can be used to predict what type of life-history patterns should be selected for under particular 
sets of environmental conditions (Southwood 1988). For example, Sibly & Calow (1985) have 
proposed a habitat classification scheme based on two variables, an index of age-specific 
survival (S; ratio of juvenile to adult survival) and an index of juvenile growth (G). The basic 
predictions arising from this model are: (i) as S increases, investment in reproduction should 
increase, (ii) as G increases, this investment should be allocated into fewer, larger offspring. 
This model can therefore be used to predict how much resource animals in stressed 
environments should invest in reproduction and how this resource should be allocated between 
offspring. 
Exposure to toxicants has been shown to reduce feeding rates in a wide range of species 
including fish (Weis & Weis 1989), crustaceans (Kersting & van der Honing 1981; Donker & 
Bogert 1991), molluscs (Widdows 1985; Foe & Knight 1987), cnidarians (Zamer & Shick 
1987) and echinoderms (Shirley & Stickle 1982a). Stress-induced reductions in feeding rate 
would translate into decreased SfG and hence growth. Therefore, according to the Sibly/Calow 
model, animals in stressed environments should produce fewer, larger offspring than those in 
non-stressed environments. 
Several laboratory experiments have indicated that juveniles are more sensitive to stressors 
than adults (e.g. Buikema & Benfield 1979; McCahon & Pascoe 1988; Naylor et al. 1990). 
Therefore, according to the Sibly/Calow model, stress would result in a decrease in age-
specific survival and hence select for reduced reproductive investment. However, results from 
laboratory experiments are usually conducted on animals from unpolluted sites and may not, 
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Figure 5. Relationship between the feeding rate of Gammarus pulex (joules mg-1 day-1) exposed to copper, 
and the processing of leaf material (% weight loss) by communities exposed to copper in artificial 
streams. (Data from Tattersfield 1993). 
Figure 6. Relationship between the ratio of the feeding rate of Gammarus upstream and downstream of a 
discharge, and the ratio of the BMWP score upstream and downstream of a discharge. (Data from Crane 
& Maltby 1991; Veerasingham & Crane 1992; Crane & Maltby unpublished). 
therefore, provide a true reflection of the responses of animals from stressed populations. For 
example, selective mortality may mean that age-specific effects are greater in animals from 
polluted populations than from clean populations, thus selecting for greater reproductive effort 
than expected (Fraser 1980; Naylor et al. 1990). Alternatively, exposure to chemicals which 
accumulate, or which cause damage which is cumulative, may result in a reduction in age-
specific differences and in extreme cases may result in adults being more sensitive than 
Figure 7. Above, reproductive effort (mg offspring body wt per mg female body wt) and below, size of 
offspring produced by Asellus aquaticus upstream (open bars) and downstream (hatched bars) of a coal 
mine discharge into the River Don, Sheffield. (After Maltby 1991). 
juveniles. In general, basing predictions on results obtained using animals from unstressed 
populations will simply mean that the magnitude of the effect of stress on reproductive 
investment has either been under- or over-estimated. Only in extreme cases will the prediction 
be wrong; that is, animals in stressed environments have increased, rather than reduced, their 
investment in reproduction (e.g. Donker et al. 1993). In conclusion, therefore, animals may 
adapt to long-term stress and reduced scope for growth by investing less in reproduction and 
allocating resources into fewer but larger offspring (Fig. 7; Maltby 1991). 
Conclusions 
(1). Bioassays based on the physiological energetics of Gammarus pulex, either scope for 
growth or feeding rate, provide a sensitive and general measure of water quality. 
(2). Energy budgets can predict stress-induced reductions in growth, offspring size and brood 
viability. 
(3). Reductions in feeding rates are correlated with changes in community function (i.e. leaf 
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processing) and may be indicative of changes in community structure. 
(4). Stress-induced changes in Gammarus energetics can therefore be linked, in a mechanistic 
way, to effects at higher levels of biological organisation. 
(5). Organisms may adapt to long-term stress by altering reproductive investment and 
producing fewer, larger offspring. 
The author would like to thank Caroline Naylor, Mark Crane and Lisa Tattersfield for their valuable 
contributions to the work described in this paper and for permission to cite unpublished information. 
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